Brain-derived neurotrophic factor (BDNF), a neurotrophin highly expressed in the hippocampus, plays crucial roles in cognition, neuroplasticity, synaptic function, and dendritic remodeling. The common human Val66Met polymorphism of BDNF has been implicated in the pathophysiology of neuropsychiatric and neurodegenerative disorders, and in the outcome of pro-adaptive and thera- 
A knock-in mouse carrying the human BDNF Val66Met variant allele has been generated, and recapitulates many of the phenotypic hallmarks of humans with the BDNF Met allele, including reduced hippocampal volume, decreased BDNF protein levels, cognitive deficits, and increased anxiety-related behavior (Bath et al., 2012; Chen et al., 2006; Soliman et al., 2010) . Moreover, BDNF Met/Met mice have an impaired response to antidepressants, such as fluoxetine and ketamine (Bath et al., 2012; Chen et al., 2006; Liu et al., 2012) , and it was recently found that also the physical exercise-induced antidepressantand anxiolytic-like effects are impaired in the BDNF Met/Met mice (Ieraci et al., 2016) . Interestingly, these behavioral and neuroarchitectural modifications are paralleled by an altered hippocampal geneexpression profile (Wang et al., 2014) . However, the mechanisms underlying this gene-expression dysregulation are not fully understood yet.
Epigenetic change at gene promoter region is recognized as a key control point of gene expression and plays a fundamental role in neuroplasticity and synaptic function (Hsieh & Eisch, 2010; Nestler et al., 2016; Tardito et al., 2013) . Histone modification represents one common form of epigenetic modification, and the two best-known histone posttranslational modifications are histone-methylation and acetylation at the N-terminal tails. Whereas histone-methylation is associated with either activation or repression of gene transcription, depending on the specific lysine residue being methylated and the number of methyl groups added, histone-acetylation, is associated with active gene transcription (Peter & Akbarian, 2011; Robison & Nestler, 2011; Sun et al., 2013; Tardito et al., 2013) . Several studies from postmortem brains have reported alterations of the histoneacetylation and histone-methylation levels in the promoter regions of numerous candidate genes associated with psychiatric and neurodegenerative disorders, such as depression, schizophrenia, and Alzheimer's disease (Jakovcevski & Akbarian, 2012; Nestler et al., 2016; Tardito et al., 2013; Thomas, 2017) . Moreover, widespread changes as well as modification at specific gene promoters in histone-acetylation and histone-methylation have also been described in various brain regions of animal models of psychiatric and neurodegenerative disorders (Fischer, 2014; Matrisciano et al., 2016; McEwen et al., 2012) . In addition, it has been demonstrated that BDNF expression can be modulated by epigenetic modifications Martínez-Levy & Cruz-Fuentes, 2014; Tsankova et al., 2006) . Remarkably, we have recently found hippocampal epigenetic changes at the BDNF promoters of BDNF Met/Met mice, which affect the expression of select BDNF, splice variants . However, it is not known yet if epigenetic alterations are also present at additional gene promoters in BDNF Met/Met mice.
The aim of this study was to investigate the impact of the BDNF Val66Met polymorphism in the knock-in mouse model on two hippocampal epigenetic marks: trimethylation of lysine 27 on histone H3
(H3K27me3) and acetylation of histone H3 (AcH3), using a genomewide approach. 
| MATERIALS AND METHODS

| Animals
Three-to four-month-old male BDNF Met/Met and BDNF Val/Val mice were used for all studies (Chen et al., 2006) . Mice were housed under standard conditions (20-22 C, 12 hr light/dark cycle, light on at 7 a.m.) with water and food ad libitum. All animal handling and experimental procedures were performed in accordance with the European Community Council Directive (2010/63/EU) and were approved by Italian legislation on animal experimentation (Decreto Legislativo 116/1992). All efforts were made to minimize animal distress and to reduce the numbers of animals used in this study. 
| Native chromatin immunoprecipitation assay
| Identification of gene networks and major biological functions
Network analyses were generated using Ingenuity Pathways Analysis (IPA, Ingenuity Systems, Redwood City, CA, http://www.ingenuity.
com, RRID:SCR_008653). Genes with epigenetic changes in their promoters were uploaded into the application and mapped to the corresponding gene object in the Ingenuity Pathways Knowledge Base.
Networks of these focus genes were then algorithmically generated based on their connectivity and ranked by score. Fischer's exact test was used to calculate a p value determining the probability that each biological function assigned to that network is due to chance alone.
The p value is then expressed as a score (i.e., −log10 p value); a score of 8 or higher is considered highly significant.
Refer Supplementary Methods for a detailed description of canonical pathways analysis.
2.5 | RNA isolation and reverse-transcription 
| Quantitative real-time PCR
Quantitative real-time PCR (qPCR) analysis of mRNA expression levels was performed on a 7900HT Fast PCR System (Applied Biosystems) using specific primers (Table 1 ) and iTaq Universal SYBR Green Supermix (Bio-Rad) as previously described . Relative amounts were determined using the comparative Cq method (Schmittgen & Livak, 2008 
| Statistical analysis
For qPCR analysis, fold changes relative to respective control group (comparative Cq method) were used in two-tailed unpaired t tests using GraphPad Prism 4 (GraphPad Software, San Diego, CA). A value of p < 0.05 was considered statistically significant. 83.67% of the tags were mapped to the mm9 mouse reference genome (Table 2 ). The uniquely mapped tags were analyzed by SICER algorithm (Zang et al., 2009) Then we used DeepTool, a Galaxy based web server for processing and visualizing sequenced data, to create a profile of islands around the TSS of RefSeq mouse genes from NCBI database (Ramírez et al., 2014) . The summary plots showed that, on average, the AcH3 marks were more strongly associated with the −4 kb region before the TSS, while the H3K27me3 marks were equally distributed in the AE4 kb interval around the TSS ( Figure 1c ). This is also visible in the corresponding heatmaps ( Figure 1c ).
| Genes with epigenetic marks in their promoter regions exclusively found in either genotype
Next, we focused on the significantly enriched ChIP regions uniquely found in either BDNF Met/Met or BDNF Val/Val mice (see section above).
We used GREAT tool (McLean et al., 2010) (Table 3) were identified trough IPA network analysis. The top score networks are shown in Figure 3 ; the network in Figure 3a has BDNF as central focal node and all genes showing epigenetic changes. Supporting Information Figure S1 shows additional high-ranking networks containing BDNF as focal node.
| Involvement of the Wnt/β-catenin pathway
A further IPA analysis to identify canonical pathways yielded the "Wnt/β-catenin" pathway among top pathways related to genes with AcH3 mark associated to their promoter, exclusively in BDNF (Tables 4 and 5 ).
| DISCUSSION
In this work, we set out to examine the impact of the Val66Met human polymorphism of the BDNF gene on the hippocampal epigenetic landscape, in the knock-in mouse carrying the mutation. We have previously shown that the presence of the BDNF human polymorphism induces epigenetic changes in the BDNF gene itself . Here, we demonstrate that the presence of the polymor- 
| General features of H3K27me3 and AcH3 epigenetic marks in Val66Met mice hippocampus
First, the number of genomic regions enriched in either epigenetic mark is comparable with previous genome-wide epigenetic studies.
Indeed, about 26,000 regions enriched in AcH3 marks were found in wild-type mouse hippocampus (Lopez-Atalaya et al., 2013), about 43,000 regions enriched in H3K27me3 were found in the whole mice brain (Cui et al., 2012) , and about 30,000 regions enriched in H3K9me3 were found in the nucleus accumbens of mice treated with cocaine (Maze et al., 2011) . Moreover, about 27,000 regions enriched in H3K4me3 were found in the hippocampus of men chronically exposed to cocaine and alcohol (Zhou et al., 2011) .
The AcH3 histone modification is associated with open chromatin, is localized to the 5 0 regions of transcriptionally active genes, and is recognized as a marker of transcription initiation sites (Liang et al., 2004; Sun et al., 2013; Tardito et al., 2013) . Conversely, the H3K27me3 histone modification characterizes inactive gene promoters and bodies, extragenic regions and bivalent domains (Barski et al., 2007; Bernstein et al., 2006; Tardito et al., 2013 Figure S1C ) The AcH3 mark was associated with a sharp peak 5 0 from the TSS, whereas the H3K27me3 mark was associated with a more broad profile that extends both 5 0 and 3 0 from the TSS. This H3K27me3 profile could be related to its function as gene-expression repressor (Barski et al., 2007) .
| Network analysis overview
It is widely accepted that gene promoters regulate gene transcription, therefore epigenetic changes at gene promoters are particularly relevant for gene expression (Feng & Nestler, 2013) . In this work, we focalized on the genes whose promoter is enriched in either epige- To unveil the associated changes in molecular pathways and integrate genes identified by GREAT in networks of functional interaction, we used IPA software ( Figure 3 and Table 3 ). Notably, IPA identified several networks with BDNF as central node. As an example, in network 1 regarding the genes acetylated in BDNF Met/Met mice, the main functional interactions converge toward BDNF, which is the major hub of this network (Figure 3a) . In this network, an interesting interaction is the link between BDNF and endothelial nitric oxide synthase (Nos3). Nos3 is a Ca 2+ /calmodulin-dependent NO producing enzyme that is constitutively expressed in the vascular endothelium where it plays an important role in the regulation of blood flow and pressure (Griffith & Stuehr, 1995) . In addition, Nos3 has been involved in synaptic plasticity, long-term potentiation, and neurological disorders including stroke, where it seems to have a protective effect after cerebral ischemic injury (Atochin & Huang, 2010; Hopper & Garthwaite, 2006; Katusic & Austin, 2014 middle cerebral artery (Qin et al., 2014) . The higher levels of AcH3 at Nos3 promoter in the BDNF Met/Met mice, and the corresponding increased expression levels of Nos3 transcript that we found in the present study, may contribute to the improvement of functional recovery after stroke seen in BDNF Met/Met mice (Qin et al., 2014) .
It is worth mentioning that although H3Ac marks were exclusively found in the BDNF promoters of BDNF Met/Met mice, the overall BDNF transcript levels were not significantly increased in these mice (Ieraci et al., 2016; Mallei et al., 2015; Li et al., 2010 ). This could be a possible compensative mechanism to counteract the downregulation of BDNF protein levels reported in the BDNF Met/Met mice (Ieraci et al., 2016; Li et al., 2010 ). However, the final level of expression of a given gene is the resultant of different epigenetic mechanisms and an increase in H3Ac clusters may be compensated by negative epigenetic modification. Indeed, we have previously found an increase of H3K27me3 mark in different BDNF promoters than may counteract the augment of H3Ac levels reported here.
In the top score, network regarding genes whose promoters have the H3K27me3 mark exclusively in BDNF Met/Met mice, which suggests reduced expression of the genes in the network, the central node is cAMP Responsive Element Binding Protein 1 (Creb1; Figure 3c ). This gene encodes for the transcription factor CREB, which regulates expression of genes involved in neuroplasticity, cell survival, learning and memory, and antidepressant mechanisms of action (Carlezon et al., 2005; Tardito et al., 2006) . In this network, Creb1 is connected to two gene clusters. One is formed by subunits of the glutamate ionotropic receptor for kainate (Grik2, Grik5) and their associated interactors Neto2 and Dlg3 (Vila et al., 2017; Zhang et al., 2009 ).
Notably, Grik2 has been associated with mood disorders in genetic studies and lower levels of Grik2 transcript have been found in hippocampus of bipolar patients (Cosgrove et al., 2016; de Sousa et al., 2017) . The second cluster is centered on neuropeptide Y (NPY), one of the most highly expressed neuropeptides in the brain. NPY is involved in multiple physiological processes, such as immunity, foodintake regulation, metabolism, neural activity, and stress-response (Farzi et al., 2015) . NPY has also been involved in mood disorders and antidepressant response in both preclinical and clinical studies (Farzi et al., 2015; Morales-Medina et al., 2010) .
| Wnt/β-catenin signaling pathway
Here we found epigenetic changes at promoters of genes associated to the Wnt signaling pathway and altered expression of some components of this pathway in the BDNF Met/Met mice. Consistent with the present findings, a previous transcriptomic study of Val66Met mice found the Wnt signaling pathway dysregulated in BDNF Met/Met mice (Wang et al., 2014) . Wnt/β-catenin canonical pathway regulates many cellular processes such as development during embryogenesis, maintenance of tissue homeostasis, and regeneration in the adult (Bastakoty & Young, 2016; Grigoryan et al., 2008 (Ciani et al., 2015) .
| Gene-expression analysis
To investigate the outcome of the epigenetic changes revealed by
ChIP-Seq analysis we measured the expression of candidate genes identified by GREAT. Among genes with an AcH3 mark in their promoter, found exclusively in BDNF Met/Met mice, we confirmed an increased expression of Nos3, Dvl1 (discussed above) and reelin (Reln) transcripts. Reln is an extracellular matrix protein essential for neuronal migration during embryonic brain development, which in adulthood is involved in spine development, dendritic arborization, glutamatergic neurotransmission, and neural plasticity . Reduced Reln mRNA and protein levels have been observed in postmortem brain regions of patients with schizophrenia and bipolar disorder, but not with major depression (Fatemi et al., 2000; Folsom & Fatemi, 2013; Guidotti et al., 2000) . However, deficits in Reln expression have been also reported in animal models of depression . Interestingly, a recent study reported that blocking the Reln signaling pathway increases dendritic growth and branching in adult neurons, which is in contrast with previous studies showing that deficiency in Reln signaling impairs dendritic development (Ampuero et al., 2017) . Our results showing increased AcH3 at Genes indicated in bold were identified by GREAT. The genes whose expression was in line with the epigenetic modification observed at their promoters are indicated in bold. N = 9-10 mice per group.
the Reln promoter, and the corresponding augmented expression of Reln mRNA in BDNF Met/Met mice, suggest that elevated Reln levels reduce the dendritic growth in adult hippocampal neurons, as shown by Ampuero and colleagues (Ampuero et al., 2017) . Alternatively, increased Reln levels could be an adaptive change needed to balance the reduced dendritic arborization observed in these mice (Chen et al., 2006) . In this context, it was shown that during early postnatal development BDNF −/− mice have higher Reln expression and that BDNF can function as a determinant of maturation of laminated structures acting as a negative regulator of Reln expression (Ringstedt et al., 1998) . Further studies will better clarify the role of Reln in the dendritic abnormalities reported in BDNF Met/Met mice.
A further example of a gene whose expression was in line with epigenetic findings is LY6/PLAUR domain-containing 6 (Lypd6).
Indeed, we found that BDNF Met/Met have an exclusive H3K27me3 mark at Lypd6 promoter region and accordingly we observed reduced levels of Lypd6 mRNA in BDNF Met/Met compared to BDNF Val/Val mice.
Lypd6 has been shown to regulate gastrulation in zebrafish by enhancement of Wnt/β-catenin signaling (Ozhan et al., 2013) . Lypd6
is expressed also in the human and rodent brain (Darvas et al., 2009; Zhang et al., 2010) where it binds to and modulates activity of nicotinic acetylcholine receptors (Arvaniti et al., 2016; Darvas et al., 2009 ).
Mice overexpressing Lypd6 showed increased locomotor activity in a novel environment, enhanced sensorimotor gating, hypoalgesia, and increased working memory; thus indicating an increased cholinergic tone (Darvas et al., 2009) . Interestingly, impaired working memory has been reported in BDNF Met/Met compared to BDNF Val/Val mice (Wang et al., 2014) . Although further studies will be necessary to define its specific role, our data suggest a relationship between decreased levels of hippocampal Lypd6 and working memory deficiency observed in BDNF Met/Met mice.
In the present study, not always select histone posttranslational modifications found at promoters and expression levels of the corresponding transcript were found to correlate. This is explained by the fact that multiple specific histone modifications work sequentially or in combination to change gene expression and form what it is defined the "histone code" (Karlić et al., 2000) . To add a further layer of complexity, the histone code cooperates with other epigenetic mechanisms such as DNA methylation and chromatin remodeling (which modifies the positioning of nucleosomes along the genome) to regulate gene transcription (Bagot et al., 2014; Berger, 2007) . Therefore, In conclusion, these findings indicate that the presence of the human BDNF Val66Met polymorphism induces an array of histone epigenetic modifications, in turn altering the expression of select genes crucial for dendrite and spine remodeling. These include Dvl1
and other genes of the Wnt/β-catenin pathway, Nos3 and Reln. Further work will explore how these changes translate into the particular brain functional and morphological phenotype associated with this mutation.
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